Can a release of attention from fixation help explain the saccadic 'gap effect', the shortening of saccadic latency (SL) when the fixation spot is extinguished just before saccade target onset? Practiced observers generated SLs and button-presses to one of four 10°eccentric targets in overlap (fixation spot stays on), gap0 (fixation offsets at target onset), and gap200 conditions; in gap200, the fixation spot was removed, dimmed, expanded, or brightened 200 ms before target onset. Our data excluded speed-accuracy tradeoffs, express saccades, stimulus salience, and oculomotor readiness, while fixation offset and general warning had minor effects, leaving attention release as the default explanation. Supporting this notion, finger-press reactions to foveal probe dots presented after the fixation spot was brightened (to hold attention) were faster than those made after the spot was removed (to release attention). Varying the time from gap onset to the probe dot mapped out the time-course of the putative attentional release, which takes $140 ms.
Introduction
Visual spatial attention and eye movements are intimately coupled, as saccadic eye movements are often necessary to bring an object of interest into the line of sight. It is not obligatory for attention to shift with the eyes: attention may be shifted without an eye movement (Posner, 1980; Reeves & Sperling, 1986) , the eyes may move without disturbing the focus of spatial attention (Kurylo, Reeves, & Scharf, 1996) , and spatial attention may be allocated independently of saccade programming (Klein, 1980) . However, attention-saccade coupling is typical (Kowler, Anderson, Dosher, & Blaser, 1995) : in normal viewing, the orientation of spatial attention affects the direction of the next saccade (Kustov & Robinson, 1996) , and activation of the saccadic system can orient spatial attention (Moore & Fallah, 2004) . One behavioral manifestation of attention-saccade coupling may be the so-called gap effect (Saslow, 1967) . Turning off the fixation spot just before presentation of a new target ('gap' trials) shortens saccadic latencies (SLs) to the target, compared to leaving the fixation on continuously ('no-gap' or 'overlap' trials), or turning it off at target onset ('gap0' trials) . The gap effect is greatest, reaching 80-100 ms, when the fixation point is removed 200 ms before the appearance of the target ('gap200' trials) (Pratt, Bekkering, Abrams, & Adam, 1999) . This time-course is consistent with that of a covert shift of attention (Reeves & Sperling, 1986) . However, many other explanations of the gap effect have been advanced; the purpose of the present work was to establish whether attention was indeed relevant for its explanation, and, if so, in what way. We studied 'reactive' saccades, i.e., those made to the onsets of new visual targets, rather than the so-called 'voluntary' saccades made to pre-existing targets. Gap effects can be found for both types of saccade (Collins & Doré-Mazars, 2006 ), but we did not study the latter. Posner, Walker, Friedrich, and Rafal (1984) proposed that a covert shift of attention, which involves disengaging from the fixation point, shifting to a new target, and re-engaging on the new target, must occur before an eye movement can be initiated. Fischer and Weber (1993) theorized that the gap effect arose at the initial stage (disengagement), as removal of the fixation point before target onset provides extra time to disengage from the fovea and this speeds SLs in the gap trials. We term this 'attention release', and it is this idea we attempted to test. We first summarize the various explanations of the gap effect in the literature in order to motivate our Experiments. In Experiments 1 and 2 we rule out most non-attentional explanations of the gap effect in our conditions. Experiment 3 provides direct evidence for attention release and attempts to plot its time-course using a probe dot method.
Review of explanations. Nine explanations of the gap effect have been proposed in the literature: oculomotor readiness, general warning effect, fixation offset effect, saccadic pre-programming, express saccades, speed-accuracy trade-offs, stimulus salience, covert attention, and attention release. We now consider these in turn. Saslow (1967) suggested that the gap effect reflects oculomotor readiness: Corrective saccades are required to return the gaze to the fixation point after small drifts, and as these delay subsequent saccades, including those to the target, reducing their number by removing the fixation spot must lower mean SL. In a much-cited 0042-6989/$ -see front matter Ó 2009 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2009.02.015 study, Kingstone, Fendrich, Wessinger, and Reuterlorenz (1995) found that readiness did not explain the gap effect, but their effect was small (18 ms). To anticipate, we confirmed their conclusion for our larger gap effects. Klein (1993a, 1993b) analyzed the gap effect into two components, one being a general motor system preparation or warning effect. Since the offset of fixation warns the observer that the target is about to appear, this, like any other warning signal, should speed saccades to the target. Indeed, warning contributes a reliable portion of the gap effect, 15 ms in Pratt et al. (1999) and 22 ms in our Experiment 1. Klein (1993a, 1993b ) also postulated a fixation offset effect specific to the oculomotor system, which may be described as an oculomotor release from active fixation consequent on removal of the fixation spot (Fendrich, Hughes, & Reuter-Lorenz, 1991; Munoz & Wurtz, 1992) . A much-discussed substrate for this effect assumes that fixation-related neurons in the rostral pole of the superior colliculus must be deactivated before a saccade can be initiated. Offset of the fixation point could facilitate deactivation (Munoz & Wurtz, 1992 , appropriately decreasing SLs (Dorris & Munoz, 1995) . Indeed, Fendrich, Demirel, and Danziger (1999) found a larger gap effect, defined as a gap0-overlap saccadic latency difference, in human observers with foveal fixation spot than with a fixation guide placed at 4°eccentricity, which they attributed to the action of the rostral pole. However, they found similar gap0-gap200 effects with foveal and eccentric fixation aids, which cannot be explained this way. Moreover, that any theory of the gap effect which exclusively implicates fixational processes should predict no effect of the type of target (Abrams, Oonk, & Pratt, 1998) , but Fendrich et al. (1991) found a smaller gap effect with an auditory target than with a visual target. It seems clear that fixation offset cannot fully explain the gap effect; indeed, as we found considerable gap effects with parafoveal and eccentric fixation aids in our Experiment 1, we will conclude it plays a minor role.
Can the gap effect be due to pre-programming saccades? Saccade commands are programmed before target onset if the direction and amplitude of saccade are predictable. Studies commonly employ only two target locations, which permits pre-programming one of them; a gap effect could arise if early offset of the fixation spot increased the proportion of successfully preprogrammed saccades. Indeed, the gap effect is larger with two than with four or more target locations (Rolfs & Vitu, 2007) . We used four target positions rather than two to minimize possible pre-programming.
Could express saccades account for the gap effect? Express saccades have been reported in some human observers in gap trials but never in no-gap trials (Fischer & Boch, 1983; Fischer & Rampsperger, 1984 . Carpenter (2001) noticed express saccades when saccades to targets at left and right were made in opposite directions on successive trials. Wallman (2006) found such express saccades only when trials were presented rapidly. We presented trials relatively slowly to discourage express saccades, and indeed our observers, like those of Klein (1993a, 1993b) , did not generate them. (They also failed to do so in a supplementary Experiment with fast trials.)
A speed-accuracy trade-off (SATO) could explain the gap effect if early fixation offset generated faster but less accurate saccades to the target. Pratt and Nghiem (2000) investigated this point, and we confirmed their finding of no SATO.
Saccadic latencies might depend on the relative salience of the current fixation stimulus and the saccade target. Removing or dimming the fixation spot might increase the salience of the (fixed) saccade target relative to the salience of the fixation area, thereby hastening the saccade. Indeed, Kean and Lambert (2003) influenced SLs by varying the relative brightness, and presumably salience, of two targets for an up-coming saccade. We therefore varied the salience of the fixation spot to test this possible role of attention in the gap effect (in Experiment 1).
We finally discuss the role of covert attention. Klein (1993a, 1993b) concluded in favor of fixation offset and warning effects, and against covert attention, because they found that redirecting covert attention to the visual periphery with an arrow did not modify the gap effect. However, the arrow was displayed for 800 ms, surely long enough for covert attention to return to fixation. Positive evidence that covert attention does play a role was contributed by Pratt and Nghiem (2000) . Their gap effect was larger with a valid than an invalid cue when the cue was presented just 16 or 50 ms before the target and accompanied by a distractor; absent the distractor, cuing had no influence. Pratt, Lajonchere, and Abrams (2006) also reported shorter SLs (by 19 ms) when an attended, rather than unattended, line segment in the fixation cross was removed in the gap condition. This result can be explained by covert attention, but not by general warning, although covert attention would be underestimated if the 'unattended' line segment was partially attended. Abrams and Dobkin (1994) found that the gap effect was reduced in trials in which attention to fixation was suppressed by inhibition of return. Finally, Mackeben and Nakayama (1993) measured vernier acuity in the periphery when a cue was used to move covert attention to the vernier location, and found higher accuracy in gap than in no-gap trials. Taken together, these results demonstrate a role for covert attention in the gap effect, but do not clarify the stage of processing or the timecourse.
Fixation offset theory and attention release, but not oculomotor readiness, also predict an analogous motor gap effect for pointing or key-pressing. To the extent that the saccadic gap effect is mimicked by finger-presses, it may be accounted for by a general motor system preparation rather than by saccade preparation. Bekkering, Pratt, and Abrams (1996) found a motor gap effect for pressing one of two keys whose positions matched the target location (a 'choice' reaction), but, confusingly, not for a single-key-press (a 'simple' reaction). We collected motor reaction times (MRTs) in Experiments 1 and 2 to address this complication.
Given that the gap effect is likely to have more than one component, it was important to us to establish the possible contributions to our task of oculomotor readiness, a general warning or cuing effect, a fixation offset effect, pre-programmed saccades, express saccades, speed-accuracy trade-offs, stimulus salience, and the various forms of attention just mentioned. Experiment 1 tested these possible contributions using the overlap, gap0, and various gap200 conditions. Experiments 1 and 2 also compared the saccadic and finger-press (MRT) gap effects to test for components of the gap effect unique to the saccadic system. The results suggested by default that attention release explains part of the saccadic gap effect; a probe dot method was used in Experiment 3 to address this idea more directly.
General methods

Observers
Six young adults served as observers. These were students at Northeastern University with normal or corrected-to-normal vision and no apparent eye movement or eye-lid defects. ZJ was an author; the others were naïve. None were paid, although some received course credit. All were free to leave the Experiment at any time, but none did.
Apparatus
Visual stimuli were generated by a VSG-5 card (Cambridge Research Systems) and displayed on a View Sonic monitor with 800 Â 600 pixel resolution at a 100 Hz frame rate. Eye movements were recorded by an Arrington 'ViewPoint'Ó eye tracker system. A small video camera (aperture 1/2 in.) was mounted on a heavy adjustable slide 5 in. below the eye to point diagonally upwards towards the pupil of the right eye to capture images of both the pupil and the glint created by the reflection of infrared red light from the eye. Eye position was sampled at 60 Hz with 640 Â 240 pixel resolution during Experiments, but at half the rate with twice the precision during calibration. The VSG card and ViewPoint eye tracker were controlled by MATLAB on a PC (Dell Optiplex GX270) and synchronized off-line using time markers provided by the VSG and a 1 ms clock tick. The View Sonic monitor brightness and contrast controls were adjusted to maximize contrast and ensure that the screen was dark (i.e., luminance was too low to be measured) when black was called for by the program. The luminance of the fixation cross was 117 cd/m 2 when white, 80.1 cd/m 2 when green, and 4.2 cd/m 2 when dim green, as measured by a Cambridge Research SystemsÓ photometer calibrated by the manufacturer. Observers were seated 57 cm from the screen of the monitor with their heads restrained by a chin rest, pressure pads on the temples, and an adjustable clip on the bridge of the nose located in front of any eyeglasses. The clip slightly depressed the left and right flanks of the nose so as to remind the observer of the required head position. The head could be pulled back from the apparatus ad lib, but once in place, it could not move more than 2 mm in any direction. The chair and head-restraint was adjusted carefully to avoid headaches and neck or back pain during the Experiments. Tracking was accurate to within 16 ms and 45 min arc.
General procedure
In all three Experiments, sessions started with a nine-point calibration of the eye tracker with four points at the corners of the screen, four points in between, and one point at the center. The latter five points were recalibrated at the start of a trial if the eye tracker could not find the subject's gaze within 1°of the display center. A trial began when the eye tracker detected the subject's gaze in the 1°central region. A green central fixation cross (0.4°l ength) was then presented ( Fig. 1 left panel) . After a random fixation duration of 1.0-1.5 s, the saccade target appeared. The target, a white 0.4°long cross in a white circle of the same size, was unpredictably 10°left, right, above, or below the fixation spot. The time between trials was at least 0.5 s. Additional procedural details are explained in each Experiment, below.
Experiment 1: varied gap conditions
Experiment 1 measured the gap effect in practiced observers using seven fixation conditions: overlap, no-gap, blank gap, dim gap, white gap, parafoveal gap, and parafoveal overlap. Overlap, no-gap (gap0) and blank gap (i.e., gap200, with the screen blanked for 200 ms) are the standard conditions; dim gap, white gap, and parafoveal gap are auxiliary ones. The standard conditions were selected to replicate the gap effect in our observers. The dim gap and white gap conditions, in which the fixation spot is either dimmed or whitened (and brightened) 200 ms before target onset, were chosen to provide equally-salient warning signals. We anticipated that attention would nevertheless be released faster from a dimmed than a whitened fixation spot, because dimming the fixation spot sufficiently is equivalent to turning it off, as in the blank gap condition, whereas whitening it would hold attention. (Apropos of this last point, a reviewer asked whether the brighter fixation might engage the saccade system more, and make it harder to disengage, independent of what attention was doing. As the fixation point was always bright, and the saccadic system was already fully engaged in maintaining fixation on it, we do not think it likely that brightening it further would have affected the saccadic system per se.) As the shape and location of the fixation spot were fixed and task-irrelevant, it was not necessary to encode the fixation except perhaps as a temporal marker; had it been necessary to do so, processing the dimmer spot might have demanded more attention and delayed the release. Also of interest are the parafoveal conditions chosen to test the fixation offset theory, which predicts a larger gap effect at the fovea than outside it.
Conditions and procedure
Data were collected from three of the observers, ZJ (an author) and two naïve subjects, JS and KH. All were well-practiced before the Experiment began. The green cross fixation spot was presented for the 1.0-1.5 s fixation duration, and then either stayed on until the end of the trial (Overlap condition: 1st row in Fig. 1 left panel) , or disappeared at the time of saccade target onset (No-Gap condition: 2nd row), or was altered (replaced or removed) 200 ms before the target appeared (gap conditions, from 3rd to 6th rows). In the blank gap (3rd row) condition, the display became blank. In the remaining gap conditions, the fixation spot was replaced by a much dimmer green cross (dim gap: 4th row), or by a bright white cross (white gap: 5th row), or by four green spots (0.2°) sitting on corners of an imaginary 4°wide square (parafoveal gap: 6th row). A parafoveal overlap (7th row) condition was also run, in which four parafoveal fixation spots were turned on at trial onset and remained on until the end of the trial.
Task
In saccade + RT trials, observers first fixated and then, at target onset, moved their eyes to the target and pressed a button. Both tasks were to be done as quickly as possible, with equal priority. The saccadic latency (SL) and motor reaction time to the target (MRTtarg) were recorded on each trial. Observers were told not to move their eyes or press the button when no target was presented (i.e., on catch trials), which occurred at random 10% of the time. Manual reaction times to changes in the fixation spot (MRTfix) were also measured in the various gap conditions in the absence of saccades. MRTfix trials served to index the salience of the alterations in the fixation spot since more salient stimuli speed manual reactions.
Design
Saccade + RT trials were either blocked by condition or randomized over conditions to assess the role of observer strategy: in randomized conditions, strategy cannot be tailored to the condition, whereas in blocked trials, performance is under cognitive control and strategic variations may be revealed. Each observer ran 8 hlong sessions of which four comprised blocked and four comprised randomized trials. Each session included all seven conditions and each condition had 40 trials per session. When randomized, conditions were interleaved in a pseudo-random order, such that each condition was run equally often. When blocked, conditions were run in a different random order for each session and observer. MRTfix trials were recorded in different sessions for the four gap conditions.
Data analysis
Saccadic latency (SL) was defined as the time when the gaze point first moved 1°away from the mean gaze position during the last 400 ms of the fixation duration. Motor reaction time (MRTtarg) was defined as the time from the saccade target onset to the button-press. Trials were removed if the SL was quicker than 80 ms or slower than 800 ms, or if MRTtarg was more than two r away from the mean MRTtarg on a log scale. Overall, 12% of trials were removed, 5% by the two r criterion. Median SLs or MRTtargs were entered into omnibus repeated-measures ANOVA with sessions, blocking, and fixation conditions as factors. As session only interacted with condition for the least well -practiced observer, JS, his data were corrected slightly.
1 The data reported below, which have been averaged over sessions, all incorporate the session correction for JS.
3.5. Results
Gap effects: SLs in various fixation conditions
Means of the individual observers' median SLs differed significantly between the seven fixation conditions (F(6, 12) = 18.31, p < .0001). They are displayed in Fig. 1 across from each condition for the reader's convenience, and listed in Table 1 with the magnitude of the gap effect relative to the overlap condition tabulated in the last two columns. The canonical gap effect, overlap minus blank gap, was quite large, being 62 ms in the blocked and 90 ms in the randomized conditions (shown in bold).
Observer's strategies
Means of median SLs in blocked and randomized trials (columns 2 and 3 of Table 1 ) correlated r = 0.97. Blocking affected SLs in the overlap, parafoveal overlap, and no-gap conditions, as shown by the randomized-blocking differences in Table 1 , column 4, rows 1, 2, and 7, but not in the gap conditions (remaining rows), as the full blocking-by-conditions interaction, F(6, 12) = 4.77, p < .02, was no longer significant when only the gap conditions were included. Observers reported ignoring the fixation spot when it was uninformative, i.e., in the blocked overlap and no-gap conditions, but not in the remaining conditions when it was potentially informative. Thus comparisons can be made between SLs in all the randomized conditions and in the blocked gap conditions without major concern for strategic effects.
SL distributions and express saccades: LATER model
To describe the SLs in more detail, cumulative distributions ('CumSL') were plotted and fit with gamma distributions. An example from one subject is shown in Fig. 2 left panel. The various (randomized) conditions were orderly and the middle parts 1 Observers KH and ZJ had several practice sessions before the experiment and their data were stable across sessions, but JS had less practice and he sped up over sessions. His median SLs were slower (by 65 ms and 57 ms) in the first two sessions than in the remaining six sessions, which only then stabilized. JS's session effect was enough to create a session-by-condition interaction in a repeated measures ANOVA (F(18, 36) = 3.1, p < .05.) We therefore adjusted his data by subtracting 62 ms from his median SLs in the first two sessions. JS's median MRTtargs were also slower, by 74, 124, 85, and 73 ms, in the first four sessions compared to the last four (which did not differ), creating a significant condition-by-session interaction (F(18, 36) = 2.17, p < .05). We therefore subtracted 89 ms from his median MRTtargs in the first four sessions. Repeated-measure ANOVAs on the adjusted SLs and MRTtargs showed no session main effects or interactions with condition, so we could collapse over session. Only data adjusted for JS's session effects reported in the remainder of the paper. Note: a fourth naïve individual ran in four of the gap conditions in an extensive pilot study. His SLs, which are not reported, were substantially faster than those of the others, but otherwise his pattern of data was similar to theirs.
of the cdfs were smooth and roughly parallel, indicating that some measure of central tendency was adequate to describe the variation across conditions. Since bumps above 70% inflated the means in some conditions, medians were preferred to means. The same data were used to test the LATER model of Hanes and Carpenter (1999) . The z-score of CumSL was plotted against reciprocal SL and fit with straight-lines in each condition as described by Hanes and Carpenter (1999) . Results are shown in Fig. 2 right panel, with the fastest trials now on the right. Slopes as well as means varied across conditions, and the fastest (blank gap) condition required two straight-line fits. Removing a constant motor component from the SLs (we tried many, from 40 to 80 ms) did not improve the quality of the LATER fits. Thus the LATER model was no better than the gamma in terms of fit or in parameter reduction. Thus unfortunately our data do not discriminate between the rather different generating process underlying these models, namely, a series of exponential stages for the gamma, and a random walk for LATER (Hanes & Carpenter, 1999; Reeves, Santhi, & DeCaro, 2005) . We show only that the median SLs provide an adequate description of the effects of the various gap and nogap conditions.
Express saccades
No express saccades (i.e., SLs from 80 to 120 ms in humans) were found in extensive off-line analysis, even in the blank gap condition, the fastest condition, for any observer. The complete absence of express saccades ensures that the gap effect in our study was not caused by different proportions of express saccades in different conditions.
Speed-accuracy trade-offs
It is possible that speed-accuracy trade-offs (SATOs) occurred in which faster saccades were less accurate. If so, the different gap effects might result from different criteria for landing accuracy. Saccade accuracy was scored in two forms, the landing position error or average absolute deviation of the four mean saccadic landing positions from the four ideal landing positions (Fig. 3 left panel) , and the standard deviation (STD) of landing positions averaged over all four target positions (Fig. 3 right panel) . These scores were averaged over the blocked and randomized trials of all three subjects, and are plotted against the averaged median SLs for the seven fixation conditions.
The correlations across the different fixation conditions between SL and either measure of saccadic accuracy ranged from À0.03 to 0.33 for the three observers; none of them being significant. Moreover, the saccadic accuracies in overlap and blank gap conditions were virtually identical. Thus SATOs do not explain our gap effects, consistent with the conclusion of Pratt and Nghiem (2000) .
Oculomotor readiness
To find out if corrective saccades create the gap effect (Saslow, 1967) , we calculated the standard deviations (r) of saccade position and the number of such saccades in last 400 ms before the target onset (the last 200 ms of this being the gap). A small saccade was defined as a change in gaze position between 0.4°and 1.0°o ccurring within16 ms; despite head-restraint, we could not reliably discriminate even smaller saccades from steady fixation. To check readiness we chose overlap, blank gap, white gap and parafoveal gap conditions; the first two are the classical gap effect conditions, while the white gap is similar to overlap in having a continuous fixation stimulus until the end of the gap, but it is similar to blank gap with respect to the potential for cueing. The parafoveal gap condition was picked because the display is empty in the foveal region, as in the blank gap, but it still provides a visual guide for fixation. Oculomotor readiness predicts that r in the overlap and white gap conditions should be smaller than in the blank gap condition, where there is no external fixation to return to. In fact, rvaried only slightly, from 11.4 0 to 12.0 0 , over fixation conditions. Repeated-measure ANOVAs on the rs from last five sessions showed no main effects of fixation condition (F(3, 2) = 0.38, p = .77) or of blocking (F(1, 2) = 0.72, p = .49), and no interaction (F(3, 2) = 0.12, p = .95). These results exclude oculomotor readiness, in agreement with Kingstone et al. (1995) , but for our conditions which produced relatively larger gap effects.
Warning in the gap effect
If the gap effect can be explained entirely by a general warning effect, SLs in the blank and white gap conditions should be roughly equal, as these conditions both provide a strong temporal signal, a salient alteration in the fixation spot at the same time (see Fig. 1 left panel). The 34 ms longer SL in white gap than in blank gap therefore suggests that our gap effect is more than just an effect of warning. Our results also provide an estimate of the warning effect itself, by comparing SLs in the no-gap and white gap conditions. These differ only in that the white gap provides a warning 200 ms before target onset, whereas the no-gap condition does not; in both cases, the fixation spot remains on. The difference in SLs was 22 ms in favor of white gap, comparable to the 15 ms warning effect reported by Pratt and Nghiem (2000) . We conclude that warning makes a significant but relatively small contribution to the gap effect.
A fixation offset effect?
Kingstone and Klein (1993a Klein ( , 1993b theorized that the gap effect is in part due to a fixation offset effect, which, when interpreted in terms of the rostral pole of the SC, predicts that saccades should be faster without a visual stimulus in the fixation area than with one (Tam & Ono, 1994) . However, the SLs in the parafoveal gap (256 ms) condition were not faster than those in the foveal white gap (249 ms) condition. Moreover, the gap effects (50 and 57 ms) were similar in these two conditions, even though the temporal cues were the same and the parafoveal gap stimuli were 2.8°eccentric, well outside the fovea. Still, the parafoveal fixation spots in Experiment 1 were symmetrically disposed around the fovea, perhaps eliciting a foveal control signal. We therefore ran a subsidiary Experiment to measure the gap effect with a blank screen and just a single eccentric spot to aid fixation. In this we followed Fendrich et al. (1999) , who reported an overlap -gap200 gap effect of 33 ms with foveal fixation, which was reduced to 21 ms with a single fixation spot at 4°eccentricity (their Table  2 ). We employed only the overlap and the blank gap conditions. Observers looked at an empty display center while directing their attention to a single peripheral spot located 4°to the right of the display center. The spot was made salient by changing its color every 200 ms between one of 10 different colors. The three observers of Experiment.1 each ran in three randomized and three blocked sessions. Observers made both saccades and motor reactions to the target on each trial.
Overall 17% of the trials were removed as the eye wandered more than 2°with the eccentric fixation aid. Repeated-measure ANOVAs showed significant main effects of gap condition on SL (F(1, 2) = 16.64, p = .055) and on MRTtarg (F(1, 2) = 31.10, p < .04). Comparing data from randomized trials, where strategic effects are unlikely, the saccadic gap effect with the eccentric fixation aid was now 48 ms, considerably less than the 90 ms found with foveal fixation (Table 1, figure in bold) . Moreover, the MRTtarg gap effect of 53 ms was clearly less than the 74 ms effect found with foveal fixation (Table 2 , in bold, to be explained next). Attentional release is unlikely to explain this result because it is implausible that less attention is required with the eccentric fixation aid than with the foveal one. This suggests that fixation offset does play a role in the gap effect, consistent with Fendrich et al. (1999) but for our somewhat larger gap effects.
MRTtargs and MRTfixs in the various fixation conditions
Motor reaction times are shown in Table 2 , both for buttonpress responses made to the target (MRTtarg), which were generated in the same trials as the saccades, and for button-presses to alterations of the fixation (MRTfix) obtained in separate blocks of trials and made without saccades. Blocking and gap effects are shown in the Table. Repeated-measure ANOVAs on the observers' median MRTtargs showed significant main effect of condition (F(6, 12) = 17.28, p < .001), and significant interactions between blocking and condition (F(6, 12) = 5.03, p < .01). Neither blocking nor condition effects on the MRTtargs were significant when only gap condition data were included, in contrast to the SLs which did vary across the gap conditions. We return to this result, below.
We can infer the salience of each alteration to fixation from the MRTfixs made in the four gap conditions (blank gap, dim gap, white gap and parafoveal gap), on the assumption that faster MRTfixs correspond to more salient events. The SLs and MRTfixs were measured in different sessions, introducing variability, but their correlations across the four gap conditions for the three observers were so weak (mean r = 0.12, no r significant for any observer) that we conclude the SLs are not determined by fixation salience.
Discussion of Experiment 1
Apart from the fixation offset and general warning effects, the only reviewed explanations of the saccadic gap effect left by Experiment 1 involve attention. The proposal of Fischer and Weber (1993) that quicker saccade initiation with a blank gap is due to an earlier disengagement of attention from the fixation area predicts the main results of Experiment 1 and also helps explain why a gap effect occurs with extrafoveal fixation aids. The MRTtargs also show a gap effect, consistent with an attentional account. However, this latter result may have been entirely due to a general warning effect, as MRTtargs did not vary across the various gap conditions. We will consider the role of warning in saccadic and motor reactions again in Experiment 2.
A useful comparison may be made between the blank and white gap conditions, as both provide a clear-cut warning signal 200 ms before target onset. If warning were everything, SLs should be about the same in these two conditions, but in fact SLs were 33 ms faster in the blank gap. This comparison is analogous to that made by Ross and Ross (1980) . They measured SLs when brief visual (foveal letter O) or auditory (pure tone) warning signals offset or onset either 100 or 300 ms before the saccade target was presented. Differences between onset and offset SLs estimate gap effects isolated from warning effects, and these were 40 ms for letters and 22 ms for tones (see their Fig. 1 ). As the 22 ms effect was not significantly different from zero, they concluded there was only a visual gap effect (of 40 ms). However, if 22 is not significantly difference from zero, it cannot be significantly different from 40, so it is unclear whether the gap effect, when isolated from warning effects, is specifically visual or is independent of modality. This important issue appears to remain open.
Experiment 2: a motor gap effect?
Whether the gap effect is limited to the saccadic system or is a property of all motor behaviors is of considerable theoretical interest. Attention release predicts that both saccades and motor reaction times (MRTtargs) to the target should be hastened by a gap, as long as both actions (button-pressing; directing a saccade) require attention. Two previous studies (Bekkering et al., 1996; Tam & Ono, 1994) reported that the gap effect exists with choice MRTs, supporting this prediction. Surprisingly, Bekkering et al. (1996) found no-gap effect when the same key press was made to every target, but in this case their subjects may have ignored the visual stimuli and relied on an auditory cue which preceded every trial by 200 ms. Assuming there is a motor gap effect, the question then arises, might it only be a warning effect? Ross and Ross (1981) reported that the onset-offset differences in their MRTs were small (<9 ms) and insignificant in both modalities. We found a similarly inconsequential 8 ms difference in MRTtargs in Experiment 1 (Table 2) between the equally-salient dim and white gap conditions. These insignificant differences in single-key-press MRTs are suggestive, because the overall motor gap effects are quite considerable, averaging about 60 ms both in Ross & Ross (1981, their Fig. 1 ) and in Table 2 , row 3 (above). Taken together, these results suggest that unlike the saccadic gap effects, the motor gap effects are purely due to warning. However, explaining a saccadic warning effect of 15 or 20 ms and a finger-press warning effect of 60 ms by the same mechanism seems grossly implausible. To probe further into this discrepancy, in Experiment 2 we measured SLs and MRTtargs in conditions which included warning effects, using the same stimulus and response choices for both responses.
Apart from the magnitudes of the motor and saccadic gap effects, we also wished to determine whether these responses mutually interfere, indicating resource sharing, or not. Interference cannot be determined from studies which separate saccade trials from manual response trials (Kingstone & Klein, 1993a , 1993b Bekkering et al., 1996; Abrams et al., 1998; Ross & Ross, 1981) , but only when both are measured concurrently. Lack of interference would imply that different mechanisms were responsible for the saccadic and motor gap effects.
Observers, procedure and design
The same stimuli, procedure and (three) subjects were used in this Experiment as in Expeiment 1. SLs and MRTtargs were measured only in the overlap and blank gap conditions. These two fixation conditions were blocked or randomized, as in Experiment 1. Three types of task, button-press only, saccade-only, and both button-press and saccade, were blocked. In button-press only blocks, observers were told to fixate at the display center to start a trial and move their eyes freely thereafter, button-pressing only to left and right targets and not to top and bottom ones. In saccade-only blocks, observers made saccades only to left and right targets. In blocks requiring both button-presses and saccades, observers made saccades to the target at any of the four locations, but only pressed the button when left or right targets appeared. Thus the motor tasks all involved a stimulus choice, as did the saccadic task. However, as only one button was ever used, no motor choice was required.
Results
Repeated-measure ANOVA on SLs showed a significant effect of fixation conditions (F(1, 2) = 29.62, p < .04) and a significant interaction between fixation condition and blocking vs. randomizing (F(1, 2) = 26.20, p < .04), as shown in Fig. 4 . A repeated-measures ANOVA on manual reaction times showed a marginally significant effect of fixation conditions (F(1, 2) = 14.38, p = .06), which became significant when blocked trials were removed (F(1, 2) = 25.28, p < . 04); an interaction between fixation conditions and tasks (F(1, 2) = 91.56, p < .02); and an interaction between tasks and sessions (F(1, 2) = 7.36, p < .05).
Adding button-pressing to the saccade task did not slow the median SLs (Fig. 4, left-hand panel) and did not change the size of the saccadic gap effects, which were 71 ms in saccade-only trials and 74 ms with button-pressing added. In contrast, adding the saccade task to the button-press did slow the median MRTtargs (Fig. 4 , right panel) but did not change the size of the motor gap effects, which were 46 ms with button-pressing only and 42 ms after adding the saccade task. Moreover, SLs and MRTtargs were demonstrably independent of each other in the trials in which both responses are required, there being no significant correlations between them over such trials. The saccadic and finger gap effects are apparently independent of each another.
Hit rates were above 93% and false alarm rates were below 8% in every condition for all three subjects. Converting these values to d 0 did not reveal any systematic variation with condition. Averaging over blocked and randomized conditions, which did not differ (t = 1.59, n.s.), mean d 0 was 3.47 in overlap and 3.60 in gap conditions when only the button was pressed, and 3.37 in overlap and 3.35 in gap conditions when both the button-press and the saccade were performed; neither difference was significant (t = 0.72 and t = 0.14, n.s.). We conclude that our test for independence of the saccadic and finger gap effects using latency was successful, not being contaminated by differences in sensitivity.
Discussion
The results of Experiment 2 suggest that, apart from the load added to the finger-press by the saccade task, the saccadic and finger-press systems act in a statistically independent fashion. This may be explained if they suffer from independent sources of random variation (noise) with virtually no common components. If true, there is an important implication: variations in MRT due to condition do not speak to the causal mechanisms underlying variations in saccadic latency. A gap effect in the one may have nothing to do with a gap effect in the other.
We also compared results for the button-pressing and saccade tasks across Experiments 1 and 2. We expected the gap effects to replicate, as the only difference was that observers button-pressed to left and right targets alone in Experiment 2 but to all four targets in Experiment 1. The relevant data for comparison are re-plotted in Fig. 5 , which compares the gap effects in both Experiments for SLs (left panel) and MRTtargs (right panel). The SLs did not differ between Experiments (p > 0.1). However, there was a marginal effect of Experiment on MRTtargs (F(1, 2) = 12.32, p = .07); MRTtargs were slower in Experiment 2 than in Experiment 1, and the MRTtarg gap effect was smaller in Experiment 2 (42 ms) than in Exp. 1 (74 ms). MRTtargs in Experiment 2 were presumably slowed by the need for a choice, and so were further on in time from, and thus less affected by, the alterations in fixation. If this explanation is correct, then the conclusion drawn from Experiment 1 that MRT gap effects are all warning effects can be maintained, despite the reduced effect in Experiment 2.
The blank gap vs. overlap conditions run in Experiment 2 provide evidence for an overall gap effect with simple (no motor choice) manual reaction times, in contradiction to Bekkering et al. (1996) ; we do not know why the outcomes of these studies differed. Critically, our results illustrate the independence of saccadic and finger-press gap effects, apart from the addition of a fixed load to button-pressing from executing saccades. We conclude that the saccadic gap effects reported in Experiment 1 were not distorted by the addition of the button-pressing task.
Experiment 3: probes
The results of the Experiments so far show that general warning and fixation offset contribute to the gap effect, as postulated by Klein (1993a, 1993b ), but do not fully explain it. As all the other explanations were ruled out, we investigated whether attention release might yet play a role in the gap effect (Fischer & Weber, 1993) , despite the negative result of Klein (1993a, 1993b) . We applied the standard probe dot paradigm (Watson & Humphreys, 2000) in which a manual reaction time to a probe dot (MRTprobe) is used to infer the state of attention; use of this procedure appears to be novel in studies of the gap effect. According to attention release, attention must leave the fixation spot to engage the target before a saccade is initiated. The critical assumption is now that the MRT to a foveal probe dot placed near the fixation spot will increase when attention is withdrawn from the foveal region. Therefore, the MRT to a foveal probe dot presented just before the saccade should be longer in blank gap conditions, when attention is starting to leave or has left the fixation area, than in white gap conditions, when attention remains at the fovea. We presume that any effect on MRTprobe of a gap will be due to the timing of attention rather than to warning or salience; this is plausible because the fixation spot provides the same temporal cue with about the same salience in the white as in the blank gap conditions, as demonstrated by similar MRTfixs.
Observers
Six Northeastern University students ran in the Experiment, one an author (ZJ) and the other five, naïve. All were between 18 and 30 years old and all had normal or corrected-to-normal vision and no obvious eye movement abnormalities. Only ZJ had run in the earlier Experiments.
Procedure
There were three types of trials in the main Experiment, probe dot plus saccade trials (20%), catch trials (8-10%) and saccade-only trials (the remainder), which were intermixed at random. Targets for saccades were presented at one of four positions with 10°eccen-tricity, as before. Probe dots occurred on only 20% of the trials in an attempt not to unduly disturb processing on the great majority of non-probe trials. Probe dots were shown for one frame, as illustrated in Fig. 6 . Probes were presented in a random one of eight positions forming an imaginary circle of 0.5°eccentricity centered on fixation. This variation in position had no meaning for the observer, but by jittering position, and also by presenting the dot briefly, we were able to bring the dots close enough to threshold that attention would be required to detect them. The probe dot appeared with a random one of five SOAs, either just before the gap (À80 ms) or 20, 80, 140, or 240 ms after the gap began (see Fig. 6 ). SOAs were randomized along with the blank and white gap conditions.
Observers ran an initial practice block that contained catch and saccade-only trials. They were then informed that a probe dot would also be presented on one-fifth of the trials. They were told to make eye movements as quickly as possible to the target, just as in the practice block, but if they saw a probe dot, they were also to press a button as quickly as possible. They were to give equal priority to button-press and eye movement tasks. Observers were also run in 'normal' trial blocks in which there were no probe dots.
Results: MRTprobes and SLs
Observers almost never (0.6%) made false alarms to the probe dot. However, on average they missed the probe 10% of the time in blank and 9% of the time in white gap conditions. This miss rate was non-zero as planned, indicating that the probe dots were near threshold and implying that they had to be attended to be detected. Critically, there was little variation in miss rate with SOA, the percentage varying from 11% at À80 ms to 9% at 120 ms, with this variation being statistically insignificant. That dot detection rates did not vary with SOA suggests that MRTs to the probe are a valid measure of processing, not contaminated by speed-accuracy trade-offs.
Median MRTprobes and SLs have been averaged over the six subjects and are plotted against SOA in Fig. 7 . A complication arose at the longest SOA (240 ms), where SLs of all six observers were bimodally distributed, conveniently being split for every observer at an SL of 300 ms. Means of the medians of each observer's subdistributions of SLs are therefore plotted separately at an SOA of 240 ms in the right panel of Fig. 7 , with fast saccades connected by a solid line and slow ones by a dotted line. The means of the median MRTprobes from these fast and slow trials are also plotted separately (Fig. 7 left panel) . The average standard error of the MRTprobes was 6 ms and that of the SLs was 15 ms (error bars in Fig. 7 ), calculated using a method for within-subject design due to Loftus and Masson (1994) . These SEs are fairly tight so the observable effects in the graphs are significant. Median MRTprobes differed significantly over fixation conditions (F(1, 5) = 13.23, 
Discussion
The MRTprobe (Fig. 7, left) data provide an indication of the temporal course of the shift of attention, as indexed by the reaction time to the probe dot. MRTprobes in both gap conditions decreased until an SOA of 140 ms, and then began to increase thereafter, as if processing the alteration of the fixation spot delayed processing the probe dot for about 140 ms. Critically, the MRTprobes in the two gap conditions diverged from a SOA of 80 ms onwards. After diverging, MRTprobe was slower in the blank gap condition than in the white gap condition, suggesting that 80 ms after the gap period began, more attention was released from the fixation area in the blank gap than in the white gap condition. The direction of this finding is in strong support of the attention release hypothesis, since releasing attention from the fixation area (and thus speeding saccades) should slow motor responses to probes at fixation. That the MRTprobe data are opposite in direction to the SL data, as they should be in the attention release interpretation, is critical; had the probe task simply loaded the observer, MRTprobes and SLs would vary together. The bottom panel of Fig. 6 illustrates how we imagine attention might change from processing the fixation (A), to processing the probe dot (B), and finally to processing the target (C). These curves are schematic, but their overlap is meant to indicate that these processes may not be strictly sequential.
Although the probe dot was meant to assess the time-course of an undisturbed saccadic attention release, it turned out that the dot task interfered with the saccades. The SLs were delayed by 24 ms in trials when probe dots were possible but were absent, compared to trials in 'normal' blocks -those run with no probe dots at all (Fig. 7 , right, two left-hand points.) Moreover, SLs increased as the probe dot was further delayed, and no-gap effects were found from SOAs of 80 ms onwards (Fig 7, right, positive SOAs). Thus the probe dot Experiment, while supporting the attention release hypothesis and demonstrating the usual saccadic gap effect in the 80% of probe-absent trials, failed to generate the gap effect in the 20% of probe trials. Why not? We speculate that a new visual stimulus (the probe dot) returned attention back to the fovea, thereby delaying the saccades even more and, by acting like a new fixation stimulus, dissipated the effect of the original fixation. This explanation, if true, suggests future Experiments in which such double-step attention shifts are studied systematically. Interestingly, when the probe dot is very delayed (at 240 ms), attention release predicts that the blank and white gap conditions should differ, which they did, since the command to execute the saccade will have been determined long before the probe dot arrives. Faster attention release in the blank than in the white gap condition also predicts more fast saccades in the former condition, and this was so, by 25%.
Conclusions
We studied the gap effect using 'reactive' (rather than voluntary) saccades to an unpredictable one of four target locations. Several possible explanations of the effect were tested using practiced observers. A general warning effect was evident, which may account for the entire motor (finger-press) gap effect, but which can only explain a fraction of the saccadic gap effect. Indeed, saccadic and motor gap effects may reflect quite different processes, as they shared little or no common within-trial variance. Various other explanations were ruled out: The gap effect was not caused by express saccades, as none were found in any condition. Changes of the shapes of the SL distributions across conditions were captured both by LATER and by gamma-density models, but the shape changes were too small to explain the gap effect, which amounts to a horizontal translation of almost the entire saccade distribution. Neither the fixation error nor the number of small or microsaccades before the target onset differed over conditions, so oculomotor readiness does not explain our gap effects. Speed-accuracy trade-offs (SATOs) did not explain the gap effect as the accuracy of saccades did not correlate negatively with the saccadic latency. The salience of the alteration of the fixation spot also did not account for the gap effect, as MRTfix did not correlate with SL. The occurrence of smaller gap effects with 4°eccentric than foveal or parafoveal fixation leaves a role for fixation offset (Kingstone & Klein, 1993a , 1993b , possibly mediated by fixation-related neurons in the rostral pole of the primate superior colliculus (Munoz & Wurtz, 1992) , although Schiller and Tehovnik (2005) argue that saccadic target acquisition depends primarily on a frontal-eye-field system that by-passes the colliculus. Critically, the slower motor responses to the probe dot in the blank than white gap condition are consistent with the view that attention release plays a major role in the gap effect, as postulated by Posner et al. (1984) , and that release occurs over about 140 ms, similar to the known timecourse of an attention shift (Reeves & Sperling, 1986) . Our results do not by themselves prove that an attention release causes the decrease in saccadic latency, as both shifts of eye position and shifts of attention might be triggered by some higher-order control signal, but otherwise act in parallel. However, as manipulations of visual attention influence the gap effect, as discussed in the Introduction (Abrams & Dobkin, 1994; Pratt & Nghiem, 2000; Pratt et al., 2006) , it is parsimonious to assume that the role of attention is indeed causative, and follows the time-course illustrated in Experiment 3.
